This study evaluates the use of large eddy simulation (LES) and Reynoldsaveraged Navier Stokes (RANS) models for the prediction of turbulent coal combustion under air and oxyfuel environments in a pilot-scale 250 kW th furnace.
LES and RANS of air and oxy-coal combustion in a pilot-scale facility: predictions of radiative heat transfer UK has committing to a 34% reduction in GHG emissions by 2020, which rises 6 to an 80% reduction by 2050. The energy sector will be required to greatly 7 curb its GHG emissions to realise these targets, however with the rising global 8 population, and the industrialisation of developing countries, fossil fuels are still 9 expected to be utilised.
10
Coal in particular is expected to remain an important global energy resource 11 due to its widespread availability and operating flexibility, however coal-fired 12 combustion is one of the largest global sources of CO 2 emissions [1] . It is 13 necessary to develop carbon capture and storage (CCS) technology so that the 14 benefits of coal-fired energy generation can be realised without violating efforts 15 to reduce CO 2 emissions.
16
This study focusses on oxyfuel technology for carbon capture. The oxyfuel 17 process for a thermal power station involves firing combustible fuel with a high-18 purity oxygen stream, which is often diluted with recycled flue gas to control 19 flame temperature and heat transfer. The resulting flue gas from the oxyfuel 20 process contains a high concentration of CO 2 that can be economically purified 21 to a level suitable for transport and storage [2] . Oxyfuel combustion has been 22 demonstrated at small and medium scales [3] [4] [5] , and is being developed for large 
24
Oxyfuel technology can be retrofitted to existing combustion facilities, how-25 ever, with such significant changes to the combustion environment, it is import-26 ant to develop an understanding of the influence that switching to oxyfuel will 27 have over heat transfer, chemical reactions and flame stability. Furthermore, the 28 1 http://www.whiteroseccs.co.uk/ 2 http://futuregenalliance.org/futuregen-2-0-project/ 2 control over the oxygen concentration in the recycled flue gas will provide an 29 additional parameter with regards to combustion efficiency and material corro-30 sion control to optimise against the cost of the oxygen supply, as well as offering 31 further benefits with regards to fuel flexibility [6] .
32
It will be beneficial in the design and optimisation of oxyfuel combustion 33 to be able to predict the influence of operating parameters on the combustion 34 performance. Under oxyfuel, the increase in the concentration of radiatively 35 participating species, namely CO 2 and H 2 O, significantly modifies the transfer 36 of thermal radiation [7] . Modelling techniques, such as Computational fluid dy-37 namics (CFD), have been used to predict air-fired combustion facilities, however 38 the novelty of the oxyfuel combustion environment poses challenges to models 39 that are often empirically defined for air-firing. Pilot-scale facilities are import-
40
ant to validate CFD models before they can be applied to larger cases as they 41 provide well controlled environments where detailed experimental measurements 42 can be performed.
43
This study presents both experimental measurements and numerical solu- 
Combustion test facility

51
The combustion test facility that is the subject of this study is a vertical 52 down-fired cylindrical furnace, fitted with a scaled 250 kW th burner provided 53 by Doosan Babcock. The burner introduces combustion gases into the furnace 54 through three registers, referred to as the primary, secondary and tertiary, which 55 is illustrated in Figure 2 . A central annulus exists for preheating the furnace with 56 a natural gas flame, however this annulus was not used during the measurements. 
61
The cylindrical furnace has an inner diameter of 0.9 m and is 4 m high 62 and is illustrated in Figure 1 . The facility is comprised of eight sections that Table 1 .
73
The operating conditions for the air and oxyfuel cases are detailed in Table 2 . 
Computational modelling
100
The combustion test facility was modelled using the commercial CFD pack- averaged Navier Stokes (RANS) solutions and one large eddy simulation (LES).
104
The RANS solutions are generated using two different models for the radiative 105 properties of the combustion gases; the widely used grey weighted sum of grey 106 gases (WSGG) model, and a more advanced full-spectrum correlated k (FSCK) 107 model, which has been shown to perform well under oxyfuel combustion [8, 9] .
108
The LES for both the air and oxyfuel campaigns are run using the FSCK model. been used in other studies [20] [21] [22] .
131
All of the cases in this study were run on a hexahedral structured mesh 
Radiation heat transfer
159
Calculating radiative heat transfer is challenging due to the spatial, angular global models, and were set to a constant value of 0.8.
175
The grey WSGG method calculates an effective gas absorption coefficient 176 based on the weighted sum of emissivity from fictitious grey gases. by the emissivity weight function evaluated at the particle temperature, while and peaks in temperatures will be correctly accounted for in the particle emission 238 terms for both the RANS and LES cases. The combustion of a coal particle is modelled as a series of contiguous steps; 
Homogeneous combustion
255
The gas-phase combustion of volatile matter and CO released from char 256 combustion was modelled using the eddy-dissipation model [40] , which assumes 257 that the rate of combustion is only limited by the turbulent mixing of reactants.
258
The eddy dissipation model calculates the net production rate of a species due to 259 a reaction r as the minimum of the reactant dissipation, R r,r , and the dissipation 260 of product species, R p,r , which are calculated as
Where R and P denote reactant and product species respectively, ν r,i is the 262 stoichiometric coefficient of species i in reaction r, M w,i is the molecular weight 263 of species i, ρ is the gas density, τ is the eddy mixing time scale, N r is the number where A is set to 0.5 and 0.7 for volatile and CO combustion respectively, and
272
B is set to 0.5. 
Results and discussion
274
All of the CFD calculations were run using 64 CPU cores, and took 2 days, 3 simulations, which have been tested for grid dependency, will remain the same.
315
Further downstream of the burner, past 575 mm from the exit of the quarl, the 316 temperature measurements and predictions show a reasonably uniform profile,
317
with the LES and RANS calculations producing similar temperatures.
318
The temperature profiles for the oxy-27 case, Figure 9 , show similar trends furnace is predicted to be stronger in the LES case, which draws in a greater 329 concentration of CO 2 close to the burner, which can be seen in Figure 11 . predictions with regards to the calculation of surface incident radiation.
343
The reduced prediction of incident radiation in the LES cases, despite the 344 simulation resolving highly-emitting hot eddies, may be related to the temperat- between the WSGG and the FSCK models in both cases, despite the signific-
367
ant reduction in the temperature prediction from the case when radiation is 368 neglected, suggest that the influence of spectrally constant radiative quantities, 369 such as the particle and refractory wall properties, dominate how radiation is 370 transferred in these cases. In future work it will be important to understand 371 the sensitivity of calculations to more-realistic non-grey radiative properties,
372
and how this influences the predictions from different spectral radiation models. 
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